Abstmct-Based on the notion of wave variables, and the idea of wave-integral transmission, a new method is suggested to match the system parameters with changes in the delay. A n autoregressive model is used as a predictor to forecast the future values of the delay. The predictions are used with a look-up table to tune the gain with which the wave integrals are t o be fed to the system. This gain scheduling and tuning improves the system performance and decreases the mismatch between forces and velocities at the mastar and slave sides.
I. INTRODUCTION
It has been shown by Anderson and Spong [2] that if the force and velocity signals are transmitted as they are from the master side to the slave side in the presence of force feedback, the system w i l l become unstable even with the smallest delays. They suggested a modified control law, which based on the transfer function of a passive transmission h e guaranteed the system stability.
Based on Anderson's ideas, Niemeyer and others [5]
proposed the concept of Wave variables. Using the wave variables w i l l result in a two-port communication line that is passive from outside. Therefore the stability of the system during teleoperation is guaranteed.
The wave variables axe introduced by redefining the system power flow. Let F be the force applied to a system and f be the velocity of motion in that part of the system. Usually, the power flow is defined as the product of an effort and flow pair such as:
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P = jrTF
(1) To introduce the wave variables U and v, we assume two streams of power moving in opposite directions in the system. This means we have divided the power flow to a stream going from the master side towards the salve side (positive direction) (fuTu) and a stream going from slave to master ( ivTv). In other words, we assume that the master side is always giving energy to the system. This given energy might become negative at instants, meaning that the power transfer is actually from slave to master.
Therefore, to introduce the wave Variables, we can redefine the power flow as:
We assume that U and v axe linear combinations of 5c and F. Using equation 1 and 2, the wave variables can be calculated in terms of 2 and F as:
The tuning parameter ii acts as a weight function and changes the relative magnitude of k and F with respect to each other. Any pair of the above variables (u,v,f,F), can be selected as input or output variables to the wave-transformer blockl. It is possible to show that the communication line is passive if the energy stored in the outgoing wave of v is limited to the energy of incoming wave of U. Now, if these wave variables are transmitted instead of the actual force or velocity signals, the overdl system would be passive and no instability w i l l happen. 
-
In this paper we propose using a delay predictor to predict the future value of delay. Introducing a delay predictor in a wave-based teleoperation system can improve the performance through feedbacking the integrals of the wave variables. By tuning the value of the feedback gain for the integrals, some of the lost properties of the signal can be restored. Moreover, delay can be reduced for force-precision or velocityprecision tasks.
The paper is organized as follows: Section 11 explains the idea of transmitting the wave variable integrals along with the original wave variables to improve system performance. The integrals somehow represent the energy of the wave variables. So if the energy difference is fed back to the system with a certain gain, the performance can be improved. Tuning this gain according to the magnitude of the time delay helps the performance, but requires a forecast knowledge of the delay value. Section III discusses our suggested method to predict the future values of the delay. In section IV, we use these predictions to tune the system through teleoperation. Section V previews our progressing teleoperation experiments and section VI includes some concluding remarks.
WAVE INTEGRAL TRANSMISSION
Depending on the task in hand, and whether we want to match forces or velocities, there will always be some mismatch between forces and velocities at the master and slave sides. Even if the mismatch between the velocities is small, the error will cause the positions of the two manipulators to drift apart gradually as time passes.
One performance improvement strategy is transmitting wave integrals. As the wave Variables themselves cany information about the forces and velocities of the two manipulators, their integrals will encode momentum and position. Thus transmitting the wave integrals provides some information about the position of the manipulators. Although theoretidly the position information can be decoded3rom the original wave variables by integrating the velocities, the position error will increase gradually due to the numerical integration methods used. Transmitting the wave integrals w i l l solve this problem.
Niemeyer and Slotine [6], had suggested to transmit the wave integrals U ( t ) = Judt and E(t) = Ju2& along with the wave variables t h e m e l m to improve the teleoperation performance. E(t) is the wave energy, meaning the energy that is being transmitted by the wave stream in a certain direction.
They suggested using a filter to obtain a corrected version of U,, denoted as from the integral of the wave variable U( t) = J udt and the integral of the square of the wave variable E(t) = Ju2& (Figure 2 ).
where a is a constant that can modify the shape of the filter response. The filter impulse responses for a = 1, a = 1.5 and a = 2 are plotted in figure 3.
The wave-integral transmission idea was further investigated by Yokokohji, Imaida, and Yoshikawa in [7). They suggested that the integral of the master side wave variable (h) should be calculated numerically up to the time of each transmission and then should be sent along to the slave side. [I mention that the value of the feedback gain (a) should be chosen such that the system is well compensated, but at the same time not too sensitive to disturbances. However, they do not suggest a practical way to tune this gain.
Our simulations show that the optimal value of thi6 gain, to obtain the smallest error varies as the magnitude of the time delay changes. This means that at every value of T(t), the error in force/velocity can be minimized if the magnitude of U is chosen accordingly.
Therefore if the future time delay is known, a lookup table can be formed for the purpose of finding a U value that results in the smallest mismatch between the forces or velocities at the master and slave sides. This idea will be discussed in detail in section IV The question now is haw to obtain an a priori knowledge of the random time delay of the Internet. In other words we need to predict the future value of the delay to be able to tune the gain to its optimal value. The next section addresses the method of prediction.
MODELING AND PREDICTION
The Internet time-delays are random processes. A random process is a random variable the value of which also depends on time. Although random processes are random and therefore unpredictable, models can be created based on their past values to predict the future values of the process with some error. The most widely used models for random processes are the Mow ing Average (MA) and the Autoregressive (AR) models. The moving average model acts basically as a lawpass filter on the incoming signal, and predicts the future value of the signal to be the average of its past values. However, averaging disregards all of the highly stochastic behavior of the process. Thus an MA model is not adequate for a highly stochastic process such as the Internet time delay and we propose using the autoregressive model for the delay prediction application. For a study of alternative delay prediction approaches see [lo] . can be predicted using equation 6 with the smallest error comparing to its actual measured value. It can be shown To avoid unnecessarily large computation, N = 24 was accepted as being large enough for our purpose. Figure 6 shows 6 sets of our 24 model parameters, calculated at the six measurement times during a certain day.
A. Model

B. Predkting delays
Once the model is created based on the data from measurements, the values obtained from thjs modeling process are used to predict the behavior of the system during the second week. This process of measuring, modeling and predicting will continue during teleoperation. In figure 7 , the predictions are compared with the actual values of the delay obtained through me% surement. The prediction and the real measured values are less than %20 different, except at times of fatal crashes at one of the master and slave computers (The high peak in figure 7 ). 
IV. WAVE INTEGRAL GAIN SCHEDULING
In our scenario, the operator applies a force in the form of a square pulse with the magnitude of 2N to a master manipulator with unit mass (Mm = 1Kg). This manipulator is controlled by a PD controller with stiffness factor of 0.5 N/m (P) and damping factor of 1 N/m/s (D). This controller moves the master nipulator by responding to the velocity dictated by the operator and the velocity that is obtained by the feedback system through the network.
The master side wave transformer converts the force and velocity signals to %, which is to be transmitted through the communication line. The wave impedance b is chosen to be equal to 1, to give equal weight to the force and velocities at both master and slave sides.
The delay of the communication line (T(t) ) is assumed to be variable and will be discussed further below.
The slave side system is assumed to be exactly similar to the master side. So the slave side wave transformer works with a wave impedance also equal to 2; the slave manipulator also has a unit maas (M, = 1Kg) and the controller gains are exactly the same as those of the master side. The slave manipulator is assumed to be interacting with an environment, consisting of a spring (k=l N/m) and a damper (B=0.5 N/m/s). The manipulator is pushing the spring against a solid wall, while being held by a damper.
The delay of the slavetmaster communication link is supposed to be equal to that of the master-wlave link, i.e. T(t). We also assume that there is no scaling between the master and dave sides.
Let us define the force error to be the maximum mismatch between the forces at the master side and the slave side.
Few =m{Fm(t)-Fs(t-T(t))} (8)
The velocity error is similarly defined as the maximum mismatch between the velocities at the master side and the slave side.
km7 = " { % ( t ) -%(t -T ( t ) ) } (9)
Our simulation studies show that for every value of T, there is a value of a to minimize the error. Figure 8 shows the behavior of the above-mentioned errors with changes in T and U. It can be seen that for every value of T, the value of LT can be chosen such that the error is minimized. For each T in figure 8 , the top surface of one of the error bars is painted black to show the optimal value of U. In the same figure, the hatched squares show some limitations, where the system becomes unstable due to the choice of an improper a. At those values of U the amount of energy fed t o the system for compensation is more than necessary and that makes the system non-passive and unstable.
When operating, the delay predictor will estimate the future value of the delay. This estimated value of for dine& values of U.
Force and velocdty e)mm at d i f f d estimated delays
T is then used by the gain scheduler to search in a look-up table like figure 8 to find the optimal value of the gain a. Figure 9 , compaxes the system performance with the optimal value of a with the system performance with no compensation. It is visible that the salve force follows the desired force more closely when compensation is added.
It should be noted that the value of U to minimize the force error, is not always the same as the value of U to minimize the velocity error. This can be seen from figure 8, where the black painted path on the force error plot (8.b), is different from the black painted path on the velocity error plot(8.a). Also at large delays, if the a d u e exceeds a certain value the system goes unstable. The hatched squares in figure 8 represent such cases. T h i s instability can be explained by noting that adding the a-path, we are violating the conditions of passivity as stated in Niemeyer's calculations in [8]. Thus if we add too much feedback to the system, we m i a t end up with positive feedback, which tends to destabilize the system.
Therefore, when the future value of the delay is pre dicted, we can use a look-up table similar to the black path in figure 8 to retune the system. This way choosing the optimal value of U can minimize our error on force or velocity, or both. When dealing with large delays the value of U has to be set to zero, to guaranty the passivity of the system and to keep stable operrtr V. EXPERIMENTAL DATA Experiments are currently in progrws using a 4 DOF haptic interface with force-feedback actuators on ZDOFs.This haptic interface is connected to a computer running QNX, which is in turn connected to a Windows NT machine through the Internet. A virtual slave robot is created on the NT maJline using the OpenGL graphics library. A forcefeedback is generated if the virtual tool touches an objed in the virtual space. In addition to the above control schemes, the delay prediction is used to change the data send rate dynamically. The data packets should be sent as fast as possible, but sending the packets too fast will generate extra queuing delay. Therefore if a larger delay is predicted, the send rate is automatically decreased slightly to prevent extra queuing delays. 
VI. CONCLUSIONS
A method is suggested to decrease the error between forces/velocities of the master and slave manipulator. The future value of the variable time delay is predicted based on its past values using an Autoregressive (AR) model. A look-up table is then used to find a value of the wave integral feed-forward gain U to minimize the error between the force/velocities of the master and slave manipulators. By tuning the gain to this optimal value, some of the lost properties af the signal can be restored, the error between the master and slave forces/velocities is decreased and the overall teleoperation system performance is improved.
